Background. In Myanmar, civil unrest and the establishment of internally displaced person (IDP) settlements along the Myanmar-China border have impacted malaria transmission.
Myanmar has been engaged in the world's longest-running civil unrest. Commonly known as Burma, the country has succumbed to ethnic civil unrest and turmoil since its independence in 1948, and this conflict remains unresolved today [1] . Political instability and military conflicts have driven hundreds of thousands of citizens into relocation camps known as internally displacement person (IDP) settlements along the country's borders, specifically the Myanmar-China and Myanmar-Thailand borders. Large-scale human movements in addition to poor health infrastructure have led to intensive transmission of malaria [2] [3] . Myanmar has the highest malaria burden among Southeast Asian countries, with approximately 200 000 cases per year [4] . The number of malaria cases and the malaria-induced mortality rate have been consistently high for the past 3 decades [5] [6] and present a major challenge for malaria control and elimination, especially to neighboring countries such as China and Thailand, in the Greater Mekong Subregion.
Cross-border malaria transmission is a complex challenge to countries trying to eliminate the disease. For instance, along the Brazil-French Guiana border, approximately 5000 malaria cases are reported annually, of which 82% are due to Plasmodium vivax infections associated with frequent cross-border migration, large-scale public works, or economic shifts in the region [7] . In Thailand, >45% of malaria cases reported from 2008 to 2012 were P. vivax that occurred in high-risk areas along the Thailand-Cambodia border [8] . In China, a national malaria elimination program was launched in 2011, with a goal of elimination by 2020. Although malaria cases have declined dramatically through years of control efforts, provinces such as Yunnan, which borders Myanmar, currently has the highest malaria burden among other Southeast Asian countries. In 2014, 333 871 confirmed malaria cases and 236 malaria-related deaths were reported [9] . Cases of imported malaria in China increased from 16 .2% in 2004 to 97.9% in 2013 [10] . Because of the continuous conflict in Myanmar, the current magnitude of and genetic diversity within the populations undergoing movement are unprecedented. The regional seasonality of population movements, coupled with movement along country borders, can heavily impact malaria transmission. A better way of tracking infections and implementation of concerted control interventions along the border are thus needed. Population genetic studies help guide malaria control by tracing routes of transmission and sources of epidemics.
This study examined the sources and spreading patterns of P. vivax along the international border between eastern Myanmar and western China. Specifically, we tested the hypothesis of whether P. vivax from the IDP settlements showed reduced diversity and a genetic bottleneck over the years; this pattern was observed in Plasmodium falciparum and was potentially due to malaria control interventions [11] . Here, P. vivax genotypes were compared over a 3-year period between the IDP settlements, which were established in 2011, and the surrounding villages. Information on the parasite diversity and the extent of malaria spread are keys to targeting disease control efforts in high-risk areas and will be of particular relevance when most other parts of Southeast Asia enter the malaria elimination phase.
MATERIALS AND METHODS

Ethics Statement
Scientific and ethical clearance was given by the institutional scientific and ethical review boards of Kunming Medical University (China), the University of California-Irvine, Pennsylvania State University (University Park), and the Ministry of Health of Kachin State (Myanmar). Written informed consent/assent for study participation was obtained from all consenting heads of households or parents/guardians (for minors aged <18 years) and each individual who participated in this study.
Sample Collection
A total of 895 samples from individuals with a diagnosis of P. vivax infection were collected from clinics/hospitals located in 2 Table 1 ). Among the Myanmar sites, LZCH is a regional hospital that has a larger catchment area of nearly 25 000 people, whereas CMH, JHK, MSP, and MSY have smaller catchment areas of approximately 3000 people each. The populations of the IDP settlements, HLY and JYH, are about 1600 and 8600, respectively. Because of uneven sample sizes among sites, genetic variation was compared among 3 localities: a regional hospital in Myanmar (LZCH), the military base and villages in Myanmar (CMH, JHK, MSP, and MSY), and the IDP settlements (JYH and HLY). Samples from most sites were collected during 3 consecutive years (2011, 2012, and 2013) for comparison. All studied individuals showed fever or malaria-related symptoms at the time of sampling and received a diagnosis of P. vivax malaria by microscopy and polymerase chain reaction (PCR) analysis. For each individual, 30-50 μL of blood was blotted on Whatman 3MM filter paper. Parasite DNA was extracted by the Saponin/Chelex method [12] .
Microsatellite Genotyping
Eleven single-copy microsatellites (SSRs) with trinucleotide or tetranucleotide repeats were typed for P. vivax. Alleles were amplified with fluorescence-labeled primers in accordance with the published protocol [13] . After PCR, amplification products were pooled on the basis of size difference (Supplementary  Table 2 ), and the pooled products were separated on an ABI 3730 sequencer. All allele sizes were determined and visualized in Peak Scanner.
Data Analyses
Linkage Disequilibrium and Genetic Diversity
To examine whether the SSR loci represent an independent set of markers in P. vivax, linkage disequilibrium was tested by the Fisher exact test for each pair of loci with GenePop v4.2, using the Markov chain with 100 batches and 10 000 iterations per batch [14] . Significance values were adjusted by sequential Bonferroni correction for multiple comparisons.
Genotypic variation was calculated in GenoDive v2.0b27 [15] . We first calculated squared Euclidean distances, based on the number of times a certain allele was found in the 2 individuals. The minimal distance class was set as threshold to identify the number of multilocus genotypes, the Simpson diversity index, and genotype evenness. Additionally, the number of effective alleles and expected heterozygosity were estimated for each locality setting.
Population Structure and Isolation by Distance
A model-based Bayesian method implemented in STRUCTURE, version 2.3.4, was performed to examine partitioning of individuals to genetic clusters [16] . All samples from the different years were included in a single analysis. The number of clusters (K) was determined by simulating K values from 1 (no genetic differentiation among sites) to 22 (all sites of different years were genetically differentiated). The posterior probability values of each K estimated from a Markov Chain Monte Carlo (MCMC) method were used to detect the modal value of ΔK [17] . A burn-in period of 500 000 iterations followed by 10 6 iterations of each chain was performed to ensure MCMC convergence. Each MCMC chain for each value of K was run 8 times with the independent allele frequency option.
An F ST analysis was conducted using θ, an F ST estimator, in SPAGeDi, version 1.2e [18] . F ST values were tested for significance, using 10 000 permutations. Genetic differentiation among sites was displayed by multidimensional scaling plot based on D S values (an analog of F ST ) in R, version 3.3.0. Furthermore, an analysis of molecular variance was used to determine the hierarchical distribution of genetic variance within and among populations of the same year and among years, using GENALEX [19] . The relationships between genetic distances (D S values) and Euclidean geographical distance (estimated from spatial coordinates, using R [20] ) were examined by Mantel tests (10 000 randomizations) and reduced major axis regression in Isolation by Distance, version 3.23 [21] .
Bottlenecks and Migration Rates
Signature of genetic bottleneck was detected with BOTTLENECK, version 1.2.02 [22] on the IDP settlement and village samples. Two tests were performed using 3 different mutation models: the infinite alleles model (IAM), the stepwise mutation model (SMM), and a combination of the 2 models, the 2-phase model. First was the overall distribution of allele frequency classes. Second was the Wilcoxon signed rank test to compare the number of loci that present a heterozygosity excess to the number of such loci expected by chance only.
Gene flow among IDP settlement and village populations was estimated for each year by maximum likelihood analyses implemented in Migrate-N, version 2.4.4 [23] . Parameters, including Θ (calculated as 4N e μ, where N e is the effective population size, and μ is the mutation rate per generation and site), M (calculated as m/μ, where m is the immigration rate size ), and the number of effective migrants per generation N e m (calculated as ΘM/2 for haploid individuals), were estimated. Four independent runs were conducted with the Brownian motion model by using 10 short chains with 5000 sampled genealogies and 3 long chains with 50 000 sampled genealogies to obtain the mean and range of Θ, M, and N e m values. Additionally, we inferred migration rates by using a Bayesian approach implemented in BayesAss, version 3 [24] , which uses a MCMC algorithm to estimate the posterior probability distribution of the proportion of migrants from one population to another without assuming genetic equilibrium. We used 9 × 10 6 iterations, with a burn-in of 10 6 iterations and a sampling frequency of 2000 to ensure that the parameters of the model were converged.
Landscape Genetics
To test for the effects of landscape factors on gene flow, we used ResistanceGA, a package in R, to optimize resistance surfaces to our genetic data (pair-wise F ST values) [25] . A resistance surface is defined as a spatial layer in which each cell in a grid is assigned a value that represents the degree to which that cell constrains gene flow or movement [25] . These values were often based on numerous assumptions about relationships between a landscape or environmental feature and the ability of a given organism to move through that feature. In contrast, ResistanceGA uses a genetic algorithm to unbiasedly optimize the values of landscape features to best fit the genetic data. Here, resistance surface raster files were created in ArcGIS 10, using land cover data from MODIS [26] [27] , elevation data from the SRTM Digital Elevation Database, version 4.1 [28] , and distance to roads data from the World Roads shapefile (available at: http://www.arcgis. com), the 3 landscape factors that are most heterogeneous in the study region. We used Circuitscape, version 4.05, to measure the pair-wise landscape resistance distance between populations [29] . Circuitscape uses electrical circuit theory to predict landscape connectivity. By using circuit theory, as opposed to the commonly used least-cost path method, the model incorporates all possible pathways between populations into the analysis. The Akaike information criterion (AIC) with a penalty for extra parameters (AICc) was used as the measure of model fitness to genetic data and means for model selection. AICc was calculated from the linear mixed effects models with maximum likelihood population effects in lme4 [30] . Optimizations were run twice for each resistance surface to verify consistency in output.
RESULTS
Genetic Diversity in IDP Settlements and Local Communities
No significant linkage disequilibrium was detected for all pairwise combinations of the 11 microsatellite loci (Bonferroni corrected P > .05) among the P. vivax samples. Approximately 29% of samples (263 of 895) were associated with polyclonal infections. Of these, 102 were biclonal, with 2 equally dominant alleles detected in a single locus (Supplementary Figure 1) . We separated the genotypes of the 2 strains and included them in the analyses. However, 161 samples showed >1 allele in ≥2 loci. Owing to the challenge in unambiguously differentiating the genotypes of the different strains, these samples were discarded in the analyses.
Genotypic diversity and expected heterozygosity were consistently high over the 3 years and showed no significant difference between samples from the local community (including regional hospital and village clinics) and those from IDP settlements (P > .05, by the 2-tailed t test; Table 1 ). Nevertheless, there was a significant decrease in genotypic evenness in the IDP samples in 2012 and 2013 (P < .05; Table 1 ), indicative of the preponderance of genotypes, whereas genotypic evenness remained similar among the community samples. Analysis of molecular variance indicated that most of the genetic variation (>75%) was within populations (Figure 1) . No variation was detected among the 3 study years. The greatest partition of genetic variation between IDP settlements and local villages was in 2011 (12%), but this was drastically reduced in subsequent years (0% in 2012 and 1% in 2013).
Genetic Clustering of Samples
Two genetic clusters were most probable among all P. vivax samples, without clear population distinction (Figure 2 and Supplementary Table 3 ). The genetic composition between samples from local communities and those from IDP settlements was largely similar in 2011 and 2012. The red cluster was more predominant than the blue cluster among these samples. An apparent difference was seen in 2013, when both the community and IDP settlement samples constituted almost equal proportions of red and blue clusters (Figure 2 ). Genotypes varied slightly among seasons in the IDP samples (Supplementary Figure 2) . A dominant red cluster was detected in samples before (January-April) and during (May-August) the peak transmission season. However, samples collected after the peak transmission season (September-December) constituted similar proportions of red and blue clusters. Most P. vivax samples from individuals in Chinese hospitals (TC and YJ) constituted the red cluster, similar to samples from individuals in Myanmar (Figure 2) .
Mantel tests indicated no significant associations between geographical and genetic distances among sites with respect to different years (in 2011, R 2 = 0.11 and P > .05; in 2012, R 2 = 0.23 and P > .05; and in 2013, R 2 = 0.14 and P > .05). No clear clustering was observed between samples from the IDP settlements and villages in Myanmar (Figure 3 ). Although samples from TC and YJ, in China, were geographically distant from those from the Myanmar sites, they were genetically close to samples from the IDP settlements (JYH and HLY) and regional hospital (LZCH) in Myanmar (Figure 3 ). These findings suggest that parasite gene flow via human movement was not limited by physical distance.
Impact of Landscape Factors
Distance to roads, elevation, and land cover resistance surfaces were not significantly associated with pair-wise F ST values, although elevation and distance to roads surfaces were the best fitting models in 2012, as measured by AIC C (Supplementary Table 4 ) . The elevation and distance to roads surface model fitted best to pair-wise F ST values after an inverse monomolecular transformation (Figure 4) . However, neither optimized surface model was statistically significant (P = .08 for both, by a maximum likelihood population effects MODEL). In 2011 and 2013, no surface model performed better than the null model (Supplementary Table 4 ). The land cover surface model performed worst among all tested models in all years.
Demographic Change and Migrations
Both the village and IDP samples showed a normal L-shape distribution in allele frequency ( Table 2 ), suggesting that these P. vivax populations did not experience a recent severe bottleneck. The significant excess of heterozygosity observed in the IDP settlements over the 3 years under IAM and SMM suggested that these samples deviated from mutation-drift equilibrium, possibly because of small founder populations.
Maximum likelihood analyses revealed that all populations had relatively small effective population sizes (Θ), suggesting that the effect of drift was unequivocally as significant as migration ( Figure 5 and Supplementary Table 5 ). Given that most values of M (calculated as m/μ) were >1, the effect of migration (m) was larger than the effect of mutation (μ). For the 2011 samples, the number of effective migrants per generation (calculated as N e m) ranged from 0.04 to 3.10. The greatest migration was observed among villages in Myanmar (from LZCH to JHK, N e m = 3.10). Migrations between the IDP settlement JYH and local villages were mostly symmetrical, based on their similar migration rates. For the 2012 samples, the greatest migration was observed from Myanmar to China ( Figure 5 ; from JYH to TC, N e m = 6.02; from LZCH to TC, N e m = 5.84; from LZCH 
DISCUSSION
Internal conflicts in Myanmar have led to tens of thousands of residents fleeing their home villages and displaced in resettlements located along international borders. The displacement of large numbers of people and their circulation favor malaria transmission and dissemination of the disease to neighboring countries [33] . This study showed that parasite gene flow via human migration between IDP settlements and local villages was bidirectional and frequent, contributing to vast genetic diversity within parasite populations but with little differentiation among populations. The mean H e in our study populations (0.82) was comparable to that for other Southeast Asian areas and countries, such as central Vietnam (H e = 0.88 [34] ) and Cambodia (H e = 0.84 [35] ), with similar transmission intensities. While genetic diversity tends to be directly proportional to malaria transmission levels, other factors, such as geographical isolation, also affect genetic diversity. For instance, in the South Pacific, P. vivax diversity was intermediate despite high levels of transmission. This was mainly due to little human migration between island populations and thus limited parasite introduction [36] . Nevertheless, in some areas of low endemicity, such as Central Asia, P. vivax retains much of the preexisting diversity despite recent decrease in effective population sizes or reduced transmission levels [37] . In Cambodia, the eastern and western P. vivax populations lack clear differentiation [38] . The overall high genetic diversity illustrates the impact of human movements on mixing the parasite gene pools. Frequent inbreeding and recombination between parasite genotypes also play a role in contributing to high genetic diversity within populations [39] .
Compared with other malaria-hypoendemic areas, such as Vietnam (71.4%; [40] ), Sri Lanka (68%; [37] ), Colombia (60-80%; [41] ), and the Amazon Basin in Brazil (50%; [42] ), the proportion of polyclonal infections among our samples was relatively low (29%). Our study sites represent a modest transmission area at the Myanmar-China border region. Malarial parasite infection rate ranges from <1% in local villages to 2% in the IDP settlements. Anopheles minimus sensu lato is the major vector in our study area, where nearly 20% of the mosquitoes harbored P. vivax sporozoites but only <0.5% harbored P. falciparum sporozoites (unpublished data). The low polyclonality of P. vivax may have resulted from inoculation of individuals with clonal infections by highly infectious mosquitoes. Moreover, our earlier study indicated that >95% of P. vivax infections showed clearance of parasitemia 2-3 days after chloroquine-primaquine treatment, which is currently the frontier therapy for radical cure of vivax malaria in Myanmar [43] . Rapid clearance of P. vivax from the time of diagnosis may imply a high efficacy of primaquine in treating polyclonal infections due to relapse and may contribute in part to the low polyclonality of the samples. Nevertheless, it is noteworthy that different molecular markers (single-nucleotide polymorphisms and microsatellites) and the number of gene loci can vary the proportion of polyclonal infections [40] [41] . A standardized method would allow fair comparisons among studies. Also, the relapse rate of P. vivax malaria in the study area is not well known. The impact of relapse or recurrent infection on the extent of polyclonality within hosts remains to be investigated.
While P. falciparum revealed a lower genetic diversity in the IDP settlement samples than the community samples [11] , P. vivax populations were more genetically diverse and less structured in Myanmar. Such a contrasting pattern was also reported in Papua, Indonesia, where P. falciparum and P. vivax occur in sympatry [44] . Myanmar has a considerably higher ratio of P. vivax to P. falciparum infections (9.91) than other neighboring countries, such as China (4.35) and Thailand (1.79) [45] . The higher ratio of P. vivax to P. falciparum infections implies a larger P. vivax reservoir that can sustain intense, stable transmission [46] . This could limit the impact of current control and elimination efforts. In addition, the observation of reduced genotypic evenness in 2012 and 2013 within the IDP settlements may suggest possible selection of P. vivax genotypes. In western Thailand and Papua, Indonesia, strong signals of recent selection have been seen in several regions of the P. vivax genomes that relate to drug resistance [47] . It remains unclear whether our parasite populations were subjected to strong selection, although chloroquine still appears to be effective in clearing P. vivax [43] .
P. vivax infections detected in China were introduced from Myanmar, and the migration was asymmetrical. The migration analyses based on the coalescent method in Migrate-N were dependent on the assumptions of neutral evolution, steady population size, and mutation-drift equilibrium [23] , Our P. vivax samples did not experience a recent severe bottleneck, and population size was likely similar. While low linkage disequilibrium may suggest high recombination or mutation rates of the microsatellite loci and violate some of model assumptions, The mode shift was normal, L-shaped for all analyses.
Abbreviations: IAM, infinite alleles model; SMM, stepwise mutation model; TPM, 2-phase model (a combination of the IAM and SMM).
the migration results were supported by the traveling record of the studied subjects indicating their recent visits to Myanmar before the diagnosis and confirmation of malaria [6] . Also, this finding was consistent with the pattern observed in sympatric populations of P. falciparum [11] . Frequent malaria introductions by migratory human populations are difficult to monitor [48] . Such migration was alarming because malaria spread not only at the local scale but also stretched over 100 km away from Myanmar, to China, with minimal hindrance by physical distance and landscape barriers. The movement of infected people from malaria-endemic areas to areas where the disease had been or nearly eliminated can heighten epidemic risk because people of all ages usually lack immunity and are susceptible to the parasites. In areas where malaria transmission is unstable, the risk of severe disease in children and adults is often greater [49] . Hence, it is imperative to identify sources of parasite infection in areas at risk of epidemics and to prevent reintroduction by tightening existing border surveillance through coordinated international efforts. Intensive control, including indoor/outdoor insecticide spraying and regular supply of effective antimalarial drugs, should be reinforced and maintained within the IDP settlements and local villages in Myanmar to combat vivax malaria.
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